The deep-sea hydrothermal vent shrimp Rimicaris exoculata largely depends on a dense epibiotic 23 chemoautotrophic bacterial community within its enlarged cephalothoracic chamber. Yet our 24 understanding about the shrimp-bacteria interactions is limited. In this report, we focused on the 25
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determine the taxonomic position of DR15, a maximum-likelihood phylogenetic tree was 140 constructed based on 92 concatenated core genes. The result revealed that strain DR15 was affiliated 141 to the genus Desulfobulbus, forming a separate branch with three metagenome-assembled genomes 142 (MAGs) from hydrothermal venting fluids, in the phylogenetic tree ( Fig. S5) . 143
The draft genome consisted of 295 contigs (2,921,535 base pairs in length), with an average 144 G+C content of 47.3 mol% ( Fig. 1 and Table 1 ). The genome contained a total of 2,882 protein-145 coding DNA sequences, resulting in an 83.7% coding density. Approximately two-thirds (1, 808) of 146 the protein-coding genes in the genome had the highest BLAST scores against Deltaproteobacteria 147 genomes. Of these genes, the majority (81.5%) matched against the family Desulfobulbaceae, and 148 886 coding DNA sequences had top hits with genes of Desulfobulbus species. Compared to the 149 genomes of its closest free-living relatives, including Desulfobulbus mediterraneus DSM 13871, 150
Desulfobulbus japonicus DSM 18378 and Desulfobulbus propionicus DSM 2032 (feature summary 151 for these 3 genomes: size, 3.9-5.8 Mb; G+C content, 45.8-58.9 mol%; coding density, 83.4-88.3%), 152 DR15 had the smallest genome size and possessed lower coding density than D. mediterraneus 153 DSM 13871 and D. propionicus DSM 2032 ( Table 1 ). The genomic size of DR15 was reduced 24-154 50% compared to the closest related strains. The genome of DR15 had low values of average 155 nucleotide identity (ANI) when compared with genomes of its closest relatives; the highest match 156 was with D. mediterraneus DSM 13871 with 66.77% ANI, followed by D. japonicus DSM 18378 157 (66.62%) and D. propionicus DSM 2032 (66.53%) ( Table 1) . These associations are all far below 158 the threshold ANI value of 94-96% for species delineation (16), suggesting that strain DR15 159 represents a novel species. 160
Combining the above data, we propose that DR15 should be assigned as a novel species of the 161 genus Desulfobulbus, named Candidatus Desulfobulbus rimicarensis. Strain DR15 is a 162 deltaproteobacterial representative of the epibionts of this deep-sea hydrothermal vent shrimp. 163 164 Metabolism. Integrated metagenomic and metatranscriptomic analyses were used to decipher the 165 metabolic potential and transcriptional activity (RNA expression) of Candidatus Desulfobulbus 166 rimicarensis. Once onboard, live shrimps were immediately frozen in liquid nitrogen. Although we 167 cannot exclude that the expression of the messenger RNAs may have been partially modified during 168 the sample ascent, we have nevertheless an approximation of the expression in situ. 169 on April 2, 2020 by guest http://aem.asm.org/
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Carbon fixation and central carbon metabolism 170 In contrast to the epibiotic chemolithoautotrophs previously described in R. exoculata, strain DR15 171 probably uses the Wood-Ljungdahl (WL) pathway for carbon fixation. The epibiont genome 172 contains nearly the complete set of genes required for WL pathway, including homologs of formate 173 dehydrogenase (fdhA, fdhD, fdhF), formyl-tetrahydrofolate (THF) synthetase (fhs), methylene-THF 174 dehydrogenase (folD), methylene-THF reductase (metF), methyltransferase (acsE), bifunctional 175 carbon monoxide dehydrogenase/acetyl-CoA synthase (acsABC), phosphotransacetylase (pta), and 176 acetate kinase ( Fig. S6 and Table S1 ). The fchA gene encoding the formyl-THF cyclohydrolase, 177 which is responsible for converting formyl-THF into methyl-THF, was absent in the draft genome. 178
Previous studies suggest that this gene is not essential for the WL pathway (17, 18). The metV gene 179 was also absent; instead, two copies of metF gene were found in strain DR15, which could possibly 180 replace the role of MetV in catalyzing the methylenetetrahydrofolate reductase reaction. This agrees 181 with previous studies in Acetohalobium arabaticum (18), Thermus thermophilus (19), and 182
Escherichia coli (20). In addition, the epibiont genome contained genes encoding for THF 183 biosynthesis, corrinoid iron-sulfur protein, and molybdopterin cofactor, which play key roles in 184 single-carbon transfer for synthesizing acetyl-CoA from carbon dioxide and molecular hydrogen 185 (21). This suggests that strain DR15 could synthesize these cofactors to meet the requirements of 186 the WL pathway. In addition, the strain DR15 genome possessed nearly all of the genes needed to 187 reconstruct the complete central pathways, such as the TCA cycle, as well as the Embden-188
Meyerhof-Parnas, pentose phosphate, gluconeogenesis, and methylmalonyl-CoA pathways ( Fig. 3  189 and Table S1 ). 190
All genes required for carbon fixation and central carbon metabolisms described above were 191 found to be actively transcribed in strain DR15 among the studied samples (Table S1 ). The genes 192 acsE, fhs, and fdhF for the WL pathway, gltA for citrate synthase in TCA cycle, talA encoding 193 transaldolase-associated with the pentose phosphate pathway, actP for acetate transport, and porA 194 for conversion of acetyl-CoA to pyruvate had the highest transcript abundances ( Fig. 3 and Table  195 S1). These data indicated that carbon fixation, acetate uptake, the TCA cycle, and pentose phosphate 196 pathway were active in strain DR15, and around 98-99% of the acetyl-CoA synthesized via WL 197 pathway could be converted into pyruvate, which links the autotrophic WL pathway to heterotrophic 198 metabolism. In addition, a carbonic anhydrase-encoding gene, functioning as a carbon dioxide-199 on April 2, 2020 by guest http://aem.asm.org/ Downloaded from concentrator that elevates inorganic carbon levels for fixation, was highly expressed. These results 200 suggest that this epibiont could be an active chemoautotroph growing by using the WL pathway for 201 carbon fixation. 202
The WL pathway was the only carbon fixation pathway discovered in this bacterium. Previous 203 studies have revealed two other carbon fixation pathways, rTCA cycle and CBB cycle, from the 204 epibiotic chemolithoautotrophs of the same vent shrimp species, collected further north of the Mid-205
Atlantic ridge (13) in epibionts belonging to Campylobacteria and Gammaproteobacteria. We 206 identified a bacterial symbiont from a vent animal host that is likely to use the WL pathway for 207 carbon fixation. We also report a carbon fixation pathway in a member of the genus Desulfobulbus. 208
The pathway has been highlighted in the sulfur-disproportionating bacterium Desulfocapsa 209 sulfoexigens (22), which is closely related to strain DR15. In addition, most of the enzymes in the 210 WL pathway encoded in the genome of strain DR15 were most closely related to members of 211 Deltaproteobacteria ( Fig. S7 and S8 ).We propose that, as a primary producer in the epibiotic 212 community, the WL pathway could compensate for the rTCA and CBB pathways and could support 213 the growth of the dominant vent fauna. 214 215
Disproportionation of inorganic sulfur compounds 216
The biological disproportionation of inorganic sulfur compounds is a microbiologically catalyzed 217 chemolithotrophic process, in which sulfur compounds-such as elemental sulfur, thiosulfate and 218 sulfite-serve as both electron donors and acceptors in order to generate hydrogen sulfide and 219 sulfate. The microbes involved in this type of "inorganic fermentation" or "mineral fermentation" 220 are phylogenetically related to several phyla: Thermodesulfobacteria (23, 24), Firmicutes (25), 221
Gammaproteobacteria (26), and Deltaproteobacteria (27, 28, 29, 30, 31, 32). The latter is generally 222 regarded as a lineage of sulfate-reducers (29). Moreover, the capacity to disproportionate inorganic 223 sulfur compounds is relatively common among sulfate-reducers (29). In this study, we have a 224 hypothesis that Candidatus Desulfobulbus rimicarensis grew via disproportionation of reduced 225 sulfur compounds, such as thiosulfate, sulfite and elemental sulfur ( Fig. 3 and Table S1 ). 226
Two thiosulfate reductases (encoding by phsAB) were found in the strain DR15 genome and 227 could catalyze the initial step of thiosulfate disproportionation, probably by converting thiosulfate 228 into sulfite and hydrogen sulfide (or less likely to sulfite and element sulfur) (33, 34). Thereafter, 229 on April 2, 2020 by guest http://aem.asm.org/ Downloaded from there are two parallel ways for the oxidation of sulfite to sulfate reported in the literature: 1) the 230 sulfate reduction pathway in the reverse direction and 2) the activity of sulfite oxidoreductase (29, 231 33). The strain DR15 genome contains the complete pathway for dissimilatory sulfate reduction, 232
including ATP sulfurylase (encoded by the gene sat), APS reductase (gene aprAB), and dissimilatory 233 sulfite reductase (gene dsrABCD). Also, genes encoding the APS reductase-associated electron 234 transfer complex (QmoABC) and dissimilatory sulfite reductase-associated electron transport 235 proteins (DsrMKJOP) are present in this genome ( Fig. 2B ). However, there are no genes that code 236 for sulfite oxidoreductase (Table S1), indicating that strain DR15 likely uses the reverse sulfate 237 reduction pathway to oxidize sulfite to sulfate during thiosulfate disproportionation. The 238 disproportionation of elemental sulfur can also occur via this route, although the first step differs 239 from thiosulfate and is not well described. The capacity to couple growth to the disproportionation 240 of thiosulfate or elemental sulfur has been observed in Desulfobulbus propionicus (29, 35), a close 241 relative to the epibiont within the Desulfobulbaceae family ( Fig. S5 ). In addition, the predominance 242
of Desulfobulbaceae members has also been demonstrated in elemental sulfur-disproportionating 243 enrichment cultures (29). Thus, we propose that strain DR15 may be capable of inorganic sulfur 244 compound disproportionation. Furthermore, transcriptomic analysis revealed that all of the genes 245 involved in the disproportionation of reduced sulfur compounds were expressed ( Fig. 2A and Table  246 S1). The genes aprAB for APS reductase and sat encoding ATP sulfurylase had the highest 247 abundances among all transcripts, followed by phsAB for thiosulfate reductase and dsrABCD for 248 dissimilatory sulfite reductase. These data, including the expression of phsAB genes that are not 249 expressed during sulfate-reduction, confirmed that the disproportionation of inorganic sulfur 250 compounds was active. Therefore, it is likely that thiosulfate disproportionation provides energy for 251 the growth of strain DR15. However, it is also possible that the epibiont might grow via sulfate-252 reduction under certain conditions. 253
Previously, the growth of the epibiotic chemolithoautotrophs associated with R. exoculata and 254 affiliated to Gammaproteobacteria, Campylobacteria, Alphaproteobacteria, and 255
Zetaproteobacteria, was found to be fueled by the oxidation of reduced sulfur compounds, 256 molecular hydrogen, methane, and iron (5, 6, 11, 12, 13). This study demonstrated that Table S1 ), while no [FeFe]-hydrogenase genes were detected in the draft genome. 268
[NiFe]-hydrogenases Group 1 is a membrane-bound respiratory hydrogenase, performing hydrogen 269 oxidation linked to quinone reduction (36). Mvh hydrogenases are usually associated with 270 heterodisulfide reductases (Hdr) as large complexes (MvhADG/HdrABC), which are proposed to 271 couple the endergonic reduction of ferredoxin with molecular hydrogen to the exergonic reduction 272 of the heterodisulfide with molecular hydrogen by electron bifurcation (37, 38). In addition, 273 mvhADG genes are sometimes physically located next to hdr genes in some sulfate-reducing 274 organisms and can act as electron acceptors in a process that may involve in electron bifurcation 275 (39). In the DR15 genome, mvhADG genes were also adjacent to the hdr genes ( Fig. S6 and Table  276 S1), indicating that the Mvh hydrogenase may perform the same function as in sulfate-reducing 277 bacteria. Ech complexes are widespread in both anaerobic and facultative anaerobic 278 bacteria/archaea and couple the exergonic electron transfer from reduced ferredoxin to H + or the 279 reduction of ferredoxin with molecular hydrogen (21). In the epibiont genome, the gene cluster 280 encoding for Ech complex was present in the same synton than a gene coding for a putative formate 281 dehydrogenase (Table S1 ). Therefore, the Ech complex is a possible candidate for energy-coupling 282 in the WL pathway of strain DR15 (Fig. S6 ). This is similar to Moorella thermoacetica, in which 283
Ech activity is coupled to the generation of a transmembrane electrochemical H + gradient (21). 284
Transcriptomic analysis revealed that all of these hydrogenase genes were expressed. They 285 were involved either in the oxidation of H2 coupled to the reduction of sulfate, or in electron transfer 286 and cofactor regeneration. We observed that, at the time of sampling, genes encoding hydrogenases 287
were expressed at significantly lower levels than genes involved in disproportionation of inorganic 288 sulfur compounds (Table S1 ). Hence, based on the transcriptomic data, at the time of sampling the 289 on April 2, 2020 by guest http://aem.asm.org/ strain might harvest more energy from sulfur compounds disproportionation than from hydrogen 290 oxidation. 291 292 Nitrogen metabolism 293 Based on the genomic data, DR15 has the potential to use ammonia, urea and molecular nitrogen as 294 nitrogen sources, which represents a wider range of nitrogen sources than previously described for 295 campylobacterial and gammaproteobacterial epibionts of R. exoculata (13). The draft genome 296 contains ammonium permeases (Amt), glutamine synthase (GlnA), and glutamate synthase (GltBD) 297 for ammonia assimilation ( Fig. 3 and Table S1 ). The glnK gene encoding a regulatory protein P-II 298 was linked to the amt gene for ammonia transport, indicating that the nitrogen metabolism in DR15 299 could be regulated similarly to E. coli (40). In addition, the DR15 genome encodes a urea ABC 300 transporter for urea uptake, as well as a urease operon that is involved in urea hydrolysis, suggesting 301 that DR15 could also utilize urea to generate ammonia, which has not been observed in the 302 campylobacterial and gammaproteobacterial epibionts (13) . Surprisingly, DR15 was found to 303 potentially be capable of nitrogen fixation. Nearly all of the genes involved in this process were 304 present within the draft genome, including nifHDK encoding for a molybdenum-iron nitrogenase, 305 nifENB, nifU and nifS for assembly proteins, and nifA and ntrXY for regulator proteins (Table S1) . 306
Similarly, in the sulfur-disproportionating deltaproteobacterium Desulfocapsa sulfexigens, all of the 307 genes necessary for nitrogen fixation were observed in the genome (22). Therefore, it is possible 308 that DR15 can grow by utilizing free nitrogen gas as the sole nitrogen source. Symbiotic nitrogen-309 fixers are known to be associated with wood-boring bivalves, coral, sponges and sea urchins (41). 310
Recently, Petersen et al. provided the first report of nitrogen fixation by a chemosynthetic symbiont 311 in a shallow water bivalve (42). Nitrogen fixation may be more important in the deep-sea 312 environment, especially as nitrogen sources are scarce. However, prior to this study, nitrogen 313 fixation pathways have not been detected in vent animal symbionts. This study reports nitrogen 314 fixation in a chemosynthetic epibiont of R. exoculata. In addition, the presence of one denitrification 315 system, including the periplasmic dissimilatory nitrate reductase (Nap) and the nitrite reductase 316 (Nir), indicated that DR15 might have the potential to reduce nitrate to nitrous oxide by 317 dissimilatory nitrate reduction. This ability was also discovered in a gammaproteobacterial epibiont 318 of R. exoculata (13). 319 on April 2, 2020 by guest http://aem.asm.org/
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Transcriptomic data revealed that almost all of the genes required for nitrogen metabolism that 320
were described above were also expressed in strain DR15 ( Fig. 3 and Table S1 ). Among these, the 321 genes involved in ammonia assimilation, such as amt, glnA, gltBD, and glnK showed the highest 322 levels of expression, followed by the urtA gene for a urea ABC transporter (Fig.3) . In contrast, the 323 genes involved in nitrogen fixation were expressed at relatively low levels. These results indicated 324 that, at the time of sampling, DR15 might utilize ammonia as a main nitrogen source, followed by 325 urea. Moreover, ammonia was assimilated mainly by glutamine synthase (Fig.3) . Nitrogen fixation 326 may be active when the environment is depleted in nitrogen sources, such as ammonia and urea. 327
328
Oxidative stress 329 The DR15 genome encodes multiple copies of genes involved in defense against oxidative stress, 330 such as the rubrerythrin (Rbr)-rubredoxin (Rbo) oxidoreductase system (Table S1). The system 331 consists of Rbr and Rbo, which have been proposed in Desulfovibrio vulgaris as an oxidative stress 332 protection system that is an alternative to superoxide dismutase (SOD) (43). In addition, the genome 333 also encodes a bd-type cytochrome terminal oxidase ( Fig. 3 and Table S1 ). This enzyme reduces 334 were present in the genome and were expressed (Table S1 ). DR15 also contains all genes required 343 for the biosynthesis of selenocysteine, an essential catalytic component for the selenium-containing 344 variant of formate dehydrogenase in the WL pathway (18). In addition, this bacterium has the 345 genetic potential to synthesize vitamin B12, B1, and B6, as well as many other cofactors. Vitamin 346 B12 is essential for both the methyl and carboxyl branches of the WL pathway. The draft genome 347 contains an almost complete set of the genes required for synthesizing cobalamin via precorrin-2 348 (Table S1 ). The biosynthesis of biotin, heme and siroheme, riboflavin, folate, and tetrahydrofolate, 349 on April 2, 2020 by guest http://aem.asm.org/ Downloaded from pantothenate and coenzyme A, NAD and NADP, and a molybdenum cofactor could also be 350 performed in this bacterium, based on the presence of the required genes (Table S1 ). However, the 351 genes involved in the biosynthesis of menaquinone are incomplete, which suggests that the epibiont 352 might depend on an external supply of this compound or that these genes were not captured due to 353 missing portions of the draft genome. All genes involved in cofactor biosynthesis were expressed, 354 and the genes required for vitamin B6 biosynthesis exhibited the highest expression levels. the comparison were subjected to a pan genome analysis. Of these, 930 occurred in both the shrimp-360 associated and free-living genome pools, and 1553 and 537 genes were specific to the shrimp-361 associated and free-living pool, respectively. As a shrimp epibiont, strain DR15 displayed unique 362 symbiotic features, such as carbon and energy metabolisms (Fig. 4) . The prediction of a functional 363 WL pathway for carbon fixation was only present in strain DR15, with an enrichment of CO 364 dehydrogenase/acetyl-CoA synthase (8 genes in epibiotic vs. 1-2 genes in free-living genomes). The 365 presence of a functional WL pathway in this epibiont might guarantee a steady carbon supply to the 366 host and ensure its ecological success. Regarding sulfur metabolism, strain DR15 has genes that 367 could potentially reduce tetrathionate and thiosulfate, with six genes encoding for tetrathionate 368 reductase and four genes encoding for thiosulfate reductase, whereas these genes were almost 369 completely absent in the genomes of free-living species. Moreover, seven genes encoding for the 370 uptake of glutamate and aspartate were present in the epibiont genome, whereas only one gene was 371 found in three free-living strains, suggesting that strain DR15 may have a capability to uptake 372 glutamate or aspartate, possibly from the shrimp host, while free-living strains would not have this 373 ability. In addition, strain DR15 also shows an enrichment in CRISPR-associated protein, including 374
Cas, Csd, Csm, and Cmr family proteins (16 genes in strain DR15 vs. 2-8 genes in genomes of free-375 living species) (Fig. 4) . The genomic signature is commonly reported as diagnostic of a typical 376 sponge symbiotic life-style (48), here it probably hints at a yet unrevealed role of these proteins in 377
shrimp-epibiont interactions. 378
The strain DR15 genome can also be distinguished from the genomes of free-living strains as 379 on April 2, 2020 by guest http://aem.asm.org/ Downloaded from it lacks genes encoding for several features typically reported in free-living strains. There were no 380 genes coding for flagellum synthesis or chemotaxis proteins in the DR15 genome, whereas around 381 64-82 of genes coding for these features were present in the genomes of free-living species (Fig.4) , 382
suggesting a non-motile lifestyle. Genes responsible for the biosynthesis of capsular polysaccharide 383 (CPS) and extracellular polysaccharide (EPS) were almost completely lost in strain DR15 (Fig. 4) . 384 CPS and EPS are extracellular polysaccharides common in a wide range of microorganisms that 385 play important roles, such as protection against environmental stresses, biofilm formation, and 386 resistance to phagocytosis or antibiotic treatments. The absence of CPS and EPS suggests that strain 387 DR15 is weakly protected from extracellular stresses, which is compensated by being located inside 388 the cephalothoracic chamber. By contrast, this characteristic is likely to diminish the barrier between 389 the symbiont and shrimp cells, thus benefiting shrimp-epibiont interactions and nutrient exchange. 390
Furthermore, there was also a dramatic reduction in genes involved in resistance to antibiotics and 391 environmental toxins in strain DR15 genome (Fig. 4) , such as, multidrug resistance efflux and 392 cobalt-zinc-cadmium resistance. Resistance to these toxins in open water is important for the 393 survival of microorganisms; however, strain DR15 could escape these toxins by being sheltered by 394 its shrimp host. In addition, the type I restriction-modification involved in DNA metabolism, as well 395 as the type IV protein and nucleoprotein secretion system involved in membrane transporter, were 396 also dramatically reduced in the epibiont genome. 397 398 Syntrophic association. Multiple symbionts have been found to co-occur in both deep-sea and 399 shallow-water hosts, such as mussels, worms, shrimps, and snails (13, 49, 50) . Stable associations 400 between multiple symbionts within a host are assumed to be beneficial to each other (51, 52). 401
Although the co-occurrence of sulfur oxidizers and deltaproteobacterial epibionts raises the 402 possibility of an internal sulfur cycle that would take place within the shrimp cephalothoracic 403 chamber (11), this hypothesis is solely based on 16S rRNA gene sequencing and functional gene 404 surveys. This study probably supports the existence of a syntrophic relationship between sulfur-405 disproportionating Deltaproteobacteria, and sulfur-oxidizing bacteria, including Campylobacteria 406
and Gammaproteobacteria, which are associated with R. exoculata (Fig. 5 ). Considering that 407 species of Campylobacteria and Gammaproteobacteria are filamentous in shape (6, 11, 12), these 408 hydrothermal vents from the Atlantic Ocean. The bacterium was likely to grow 433 chemolithoautotrophically by disproportionation of inorganic sulfur compounds, or molecular 434 hydrogen oxidation coupled to sulfate reduction, under reduced conditions. It has the genetic 435 potential to utilize diverse nitrogen sources, including ammonia, urea, and free nitrogen gas. unique metabolic pathways, such as the WL pathway, sulfur disproportionation (potentially also 450 sulfate reduction), and nitrogen fixation pathways. We hypothesize that this bacterium is involved 451 in a syntrophic association with the sulfur-oxidizing campylobacterial and gammaproteobacterial 452 epibionts of the cephalothoracic chamber through the exchange of sulfur compounds of differing 453 redox levels. In addition, the genome of this epibiont could be distinguished from its free-living 454 counterparts by its reduced genome size, the lack of chemotaxis and motility traits, dramatic 455 reduction of genes involved in the biosynthesis of CPS and EPS, lack of resistance towards 456 environmental toxins, and enrichment of genes required for the carbon fixation and sulfur 457 metabolism. These genetic modifications suggest that Candidatus Desulfobulbus rimicarensis is 458 adapted to its shrimp host. Fig. S1 ), with Zongze Shao as 464 the chief scientist. Phylogenetic analysis of the mitochondrial cytochrome oxidase subunit I (COI) 465 genes (14) showed that they were most closely related to species Rimicaris exoculata, which was 466 firstly found in the north Mid-Atlantic Ridge (1) . Once aboard, R. exoculata specimens were 467 immediately stored in liquid nitrogen and frozen at −80°C for DNA and RNA extractions. In the 468 laboratory, four specimens were dissected under sterile conditions and the mouthparts were 469 immediately used to extract DNA and RNA. DNA was extracted using a modification of SDS-based 470 DNA extraction method (53). Samples were mixed with 13.5 ml DNA extraction buffer, vortexed 471 vigorously for 1 minute and incubated in an orbital shaker at 37℃ for 30 min. Then 1.5 ml 20 % 472 SDS was added and the samples were incubated in a shaking water bath at 65℃ for 1 h, After 473 centrifugation at 6,000g for 20 min, DNA supernatant was precipitated with phenol, chloroform, 474 and isopropanol. RNA was extracted using a TRI REAGENT procedure (54). After each extraction, 475 DNA and RNA were assessed with a NanoDrop system (Thermo NanoDrop™ 2000, Wilmington, 476
Delaware, USA) and the gel electrophoresis to determine concentration and integrity, and then were 477 sent to the Chinese National Human Genome Center in Shanghai for high throughput sequencing. genes present in sulfur disproportionation and WL pathway, see Figure 2 and Figure S6 . Deltaproteobacteria epibionts, and sulfur-oxidizing epibionts, including Campylobacteria and 804
Gammaproteobacteria. 
